Abstract-Single-ended and differential operational transconductance amplifier (OTA) configurations are biased with MOSFET interface-trap charge-pumping (ITCP) current generators to achieve very low transconductances for tunable sub-hertz operational transconductance amplifier-capacitor (OTA-C) filter implementation. This paper reviews the basics of ITCP current generation and presents the transconductors and the OTA-C filter configurations based on these transconductors. One of the filters is a low-pass with an experimentally determined lowest cutoff frequency of 0.18 Hz, and the other is a fully differential bandpass with individually tunable lower and upper cutoff frequencies measured down to 0.3 Hz. The former has one 15-pF filter capacitor, and measures 0.0346 mm 2 , whereas the latter contains four such capacitors and occupies 0.188 mm 2 silicon. Experimental evaluation also includes offset, harmonic distortion, and noise performance.
I. INTRODUCTION

S
ILICON sensors are rapidly advancing and diversifying the natural frontiers of microelectronics. Despite the growing diversity, however, natural signals remain essentially analog, weak in magnitude, and usually corrupted by noise. They must be amplified, filtered for antialiasing, and then converted into digital form before being processed. If a robust digital communication interface is desired, then all of these analog preprocessing tasks must be handled on board the sensor chip. However, the frequency of signals generated at such frontiers as biology, seismology, astrophysics, geophysics, acoustics, and vibration may be on the order of 1 Hz or less. Filtering such ultralow-frequency signals is a formidable challenge even for conventional operational transconductance amplifier-capacitor (OTA-C) circuits, which are regarded as the best in very low-frequency filter applications [1] .
The pole frequency of an OTA-C filter is proportional to the transconductance, which, in turn, is proportional to the bias current if the OTA driver transistors operate in subthreshold. Therefore, a smaller bias current produces a smaller transconductance and a lower filter pole frequency. Although the bias current is ultimately limited by leakage currents to the order of picoamps or less, it is virtually impossible to attain this limit with classical continuous-time methods. The main limitation stems from the fact that CMOS technology does not offer any integrable and stable current sourcing or sinking device other than a MOSFET, which, unfortunately, cannot generate ultralow currents with any reasonably sized gate geometry in the strong or moderate inversion mode, and the controllability it offers in deep subthreshold is very poor. For this reason, even nanoamp bias currents are generated with the aid of special circuit techniques including current division, current cancellation, and transconductance division [2] - [7] . In many cases, the transconductance attainable even with these techniques is so high that the use of additional impedance scaling techniques becomes necessary for reducing the physical size of filter capacitors [7] - [9] . All of these measures inevitably add to the silicon real estate occupied by the filter and increase the leakage floor and noise. This paper explores the recently proposed MOSFET interface-trap charge-pumping (ITCP) current generator and transconductor circuits as a basis for ultralow frequency OTA-C filter design [10] . These very compact circuits offer not only the lowest possible transconductance as determined by leakage currents, but also more than two orders of magnitude range for linear transconductance control. These properties are ideal for building very small and widely tunable ultralow frequency OTA-C filters.
The ITCP-based single-ended and fully differential transconductor circuits are briefly reviewed in Section II. The low-pass and bandpass filter configurations built with these transconductors are described and experimentally evaluated in Section III. Finally, in Section IV, the conclusions of this work are summarized. Fig. 1(a) is the circuit diagram of a source-degenerated single-ended OTA biased with an ITCP current source as deployed in our filter configurations. The current source consists of two identical pump devices, and , and a cascoding device . and are ordinary p-channel MOSFETs, whose source and drain terminals are interconnected and tied to a dc . Their common-well voltage is kept virtually constant at a higher level by , which ensures reverse biasing of all junctions. The gates of and are pulsed with complementary rail-to-rail squarewaves. As a result, the pumps are periodically cycled between accumulation and inversion, provided that the following two conditions are satisfied by and , respectively: where is the flatband voltage and is the threshold voltage.
II. ITCP-BASED TRANSCONDUCTORS
Shown in
An interface-trap pump draws electrons from the well terminal in the accumulation phase. Some of these electrons are trapped by interface states. In the subsequent inversion phase, holes are drawn from the source terminal, some of which recombine with the trapped electrons. The charge thus transferred from source to well by a single pump device in one cycle is given approximately by , where C is the absolute value of the electron charge, is the gate area of the pump, and is the spatial density of the traps participating in charge pumping. The average current due to charge transfer from two push-pull pumps operating in parallel is, therefore, described by (3) where is the frequency of the gate excitation [10] . The push-pull arrangement of two identical pumps together with cascoding effectively suppresses the pulse feedthrough effect resulting from the periodic exchange of mobile charge between the source and well terminals, as analyzed in detail in [10] . The current described by (3), therefore, flows out of terminal P into OTA driver devices almost as an ideal direct current.
The ITCP current source is biased with and . The former is set to about 1 V to satisfy (2) . , on the other hand, is set sufficiently high to keep close to . Considering the fact that is usually positive but no larger than a few hundred millivolts in a typical pMOS, such a high well bias satisfies (1) only marginally and results in a relatively weak pump accumulation, which helps neutralize the negative temperature sensitivity of the charge-pumping current, as already discussed and demonstrated in [10] . A well bias close to also moves the upper limit of the current-source terminal voltage close to because , operating under subthreshold conditions, needs no more than several tens of millivolts source-drain voltage to maintain cascoding. The lower limit of , on the other hand, extends all the way down to ground because the reverse biasing of pump junctions is guaranteed by even when is less than . As indicated by (3) , is proportional to pump area and frequency, which provide two degrees of freedom to set and tune the bias current. Since is typically on the order of 10 cm , is about a nanoamp per hertz per square centimeter [10] . Since ITCP transfers charge from source to well, the same is expected to flow into the pump devices via the source terminal. Although a disparity generally exists between the well and source currents due to hole transient injection into the substrate, this can be virtually eliminated by proper pump design and gate waveform conditioning. Using a short gate length and avoiding abrupt gate-voltage transitions effectively solves this problem [10] . The equality of source and well currents turns an ITCP current source into a floating current generator, which can bias a fully differential OTA without any supply connection, as depicted in Fig. 1(b) . In this configuration, , , and act as described previously, whereas and collectively bias the common-source terminal of the pumps to comply with (2) while conducting one half of each. Considering that all MOSFETs operate in a deep-subthreshold mode for the subnanoamp bias levels involved, their transconductance characteristics can be described as (4) where is the device current, is the zero-bias current parameter, and is the subthreshold slope in volts per decade. Taking source degeneration into account, the small-signal transconductances of the two circuits shown in Fig. 1 can be described on the basis of (4) as follows:
It is obvious from (3), (5) , and (6) that the transconductances are set by the total area of the two pumps and are linearly controllable by means of .
III. OTA-C FILTER DESIGN AND TEST RESULTS
We used the two ITCP-based transconductor configurations of Fig. 1 to build first-order low-pass and second-order differential bandpass OTA-C filters in AMIS 0.5-m double-poly CMOS technology. Shown in Fig. 2 is a photomicrograph of the test chip. The block diagrams of these filters are given in Fig. 3 . Their transfer functions are as follows:
The low-pass filter was built with the single-ended ITCP transconductor of Fig. 1(a) using a 15-pF poly-to-poly integration capacitor. Identical source followers were integrated with the input and the output for buffered testing. Pump gates were kept large ( m ) in order to avoid any unforeseen secondary effect in this first implementation, at the Fig. 4 before linearity starts deteriorating as the inversion and accumulation periods available to the pumps become inadequately short. Fig. 5 illustrates the magnitude response for kHz and kHz. With the exception of these two, which show signs of the proximity of the leakage floor, the measured values of the cutoff frequency fit perfectly well to the theoretically expected values calculated from (3), (4), and (6) for mV/decade and the extracted value cm of the effective interface trap density. To the best of our knowledge, these results indicate the lowest cutoff frequency (0.18 Hz) and the widest linear tuning range (over two decades) ever reported for an integrated OTA-C filter. Also, note that the size of this filter is a mere 0.0346 mm , 64.5% of which is occupied by the capacitor.
The measured offset voltage of the low-pass filter, plotted against clock frequency in Fig. 6 , is 4 mV or less for kHz, which, according to Fig. 4 , corresponds to the cutoff-frequency range above 0.18 Hz. The offset for this range of is determined mainly by device mismatch and exhibits a weak dependence on Step response of the low-pass filter. the bias current, which is consistent with the findings of [11] for MOSFETs operating in deep subthreshold. Considering the fact that the bias current flowing in each transistor is already as small as 1.5 pA at kHz, the significance of the junction leakage currents grows rapidly as the clock frequency is further reduced. This results is a larger offset mainly due to the systematic disparity between the drain voltages, and hence, the leakage currents, of the nMOS devices used in the simple current mirror.
The step response of the same filter is shown in Fig. 7 for an input step height of 1 V and a charge-pumping frequency of 500 kHz. The bias current estimated from (3) for this chargepumping frequency is about 200 pA, which closely matches what is estimated from the observed slew rate of 12 V/s. Two more test results of this filter are given in Figs. 8 and 9 . The former depicts the power spectral density of noise when the filter is tuned to a cutoff frequency of 34 Hz. Note that the noise integrated over 0-54 Hz is 120 V . Fig. 9 shows the output spectrum for a 3-Hz/400-mV input. This plot indicates a second harmonic around 36 dB and a third harmonic around 45 dB. The power consumption of the low-pass filter is overwhelmingly reactive stemming from the pulsing of the charge-pump gates. It is estimated to be 0.43 W/Hz of cutoff frequency. Some selected performance metrics of the filter are summarized in Table I .
As shown in Fig. 3 , the fully differential bandpass OTA-C filter consists of: 1) a high-pass section comprising two single-ended transconductors and two capacitors and 2) a low-pass section comprising a differential transconductor , two single-ended transconductors , and two capacitors. All single-ended transconductors are operated in unity-gain configuration to dc bias the two signal channels at virtual ground. Independent tuning of the cutoff frequencies is achieved by using two separate charge-pumping frequencies, one for the low-pass section and the other for the high-pass. A unity pass-band gain is implemented by using identical charge pumps in all OTAs of the low-pass section, that is, . The two OTAs of the high-pass section are also identical. All A typical magnitude response is given in Fig. 10 for kHz for the high-pass section and MHz for the low-pass section, resulting in a pass band between 0.88 and 141 Hz. These are in very good agreement with the theoretically expected values calculated from (3), (5), (6) , and (8) for the same and values cited above for the low-pass filter. The noise power spectral density, given in Fig. 11 , yields an integrated noise of 55 V for a noise bandwidth between 0.4 and 200 Hz. The output spectrum, shown in Fig. 12 for an 11-Hz/156-mV input signal, indicates a third harmonic at 40 dB. The signal-to-noise ratio is, therefore, 60 dB. The power consumption is again reactive, and proportional to the cutoff frequencies with the following constants of proportionality: 1.3 W/Hz for the lower cutoff and 0.86 W/Hz for the higher cutoff. Main performance metrics for this filter are summarized in Table I .
IV. DISCUSSION AND CONCLUSION
This work presents an experimental evaluation of ultralow frequency OTA-C filters built with ordinary transconductors biased by ITCP current sources. The results indicate that sub-hertz cutoff frequencies can be realized in a very compact layout without deploying large capacitors or special circuit techniques for transconductance reduction. Furthermore, the cutoff frequencies can be tuned linearly over several decades by the frequency of the binary gate excitation.
The bias current generated by ITCP is dependent on interface-trap density, which is not a tightly controlled device parameter. Although the pioneering study of [10] indicated a rather tight 3% chip-to-chip distribution among five samples of the same batch, a much looser distribution should be expected for batch-to-batch repeatability. This alone may necessitate trimming and/or calibration of ITCP OTA-C filters, which can be done in several different ways. First, the frequency of the ITCP excitation is available as a soft controller of the cutoff frequency. In those applications where the use of a variable frequency is not acceptable, a digitally programmable pump area can be the solution for trimming. The linearity of the dependence of on both and should make single-point calibration possible in both cases.
Hot-carrier injection and Fowler-Nordheim (FN) tunneling are two physical effects capable of altering the interface-trap density of a MOSFET in time. When operated as a pump, however, the MOSFET channel does not support high-velocity carrier motion, which precludes hot-carrier injection. As long as the gate voltage complies with the supply rating of the device, FN tunneling should not pose any reliability problems, either. Indeed, we did not observe any drift in filter parameters throughout the course of experimentation. 
